Common fragile sites are regions that show elevated susceptibility to DNA damage, leading to alterations that can contribute to cancer development. FRA3B, located at chromosome region 3p14.2, is the most frequently expressed human common fragile site, and allelic losses at FRA3B have been observed in many types of cancer. The FHIT gene, encompassing the FRA3B region, is a tumorsuppressor gene. To identify the features of FHIT͞FRA3B that might contribute to fragility, sequences of the human FHIT and the flanking PTPRG gene were compared with those of murine Fhit and Ptprg. Human and mouse orthologous genes, FHIT and Fhit, are more highly conserved through evolution than PTPRG͞Ptprg and yet contain more sequence elements that are exquisitely sensitive to genomic rearrangements, such as high-flexibility regions and long interspersed nuclear element 1s, suggesting that common fragile sites serve a function. The conserved AT-rich high-flexibility regions are the most characteristic of common fragile sites. C hromosome fragile sites are specific regions that show gaps, breaks, or rearrangements in metaphase chromosomes (1). These breaks are induced under specific culture conditions, generally by inhibiting or delaying DNA replication. Fragile sites are classified into two categories by their frequency in the population and by the chemistry of induction. Rare (or heritable) fragile sites are observed in Ͻ5% of individuals and most are induced by folic acid deficiency, whereas common (or constitutive) fragile sites are found in all individuals and most are induced by aphidicolin, an inhibitor of DNA polymerases (2). For rare fragile sites, the breakage is caused by unstable repeat expansion; for example, FRA11B is associated with CCG triplet repeats, and FRA10B and FRA16B with AT-rich minisatellite repeats (3-5). Chromosome locations of several common fragile sites coincide with locations of cancer breakpoints and͞or cancer-associated genes, and the hypothesis that they play an important role in chromosomal instability in cancer development was proposed (6). This hypothesis preceded a wave of studies of recombinogenicity involving common fragile sites, reporting observations of sister chromatid exchanges, translocations, deletions, viral integrations, and intrachromosomal gene amplifications, at or near fragile sites in cancer (7-10). The reasons why common fragile regions are fragile, that is, so highly susceptible to breaks, is the subject of active investigation.
C
hromosome fragile sites are specific regions that show gaps, breaks, or rearrangements in metaphase chromosomes (1) . These breaks are induced under specific culture conditions, generally by inhibiting or delaying DNA replication. Fragile sites are classified into two categories by their frequency in the population and by the chemistry of induction. Rare (or heritable) fragile sites are observed in Ͻ5% of individuals and most are induced by folic acid deficiency, whereas common (or constitutive) fragile sites are found in all individuals and most are induced by aphidicolin, an inhibitor of DNA polymerases (2) . For rare fragile sites, the breakage is caused by unstable repeat expansion; for example, FRA11B is associated with CCG triplet repeats, and FRA10B and FRA16B with AT-rich minisatellite repeats (3) (4) (5) . Chromosome locations of several common fragile sites coincide with locations of cancer breakpoints and͞or cancer-associated genes, and the hypothesis that they play an important role in chromosomal instability in cancer development was proposed (6) . This hypothesis preceded a wave of studies of recombinogenicity involving common fragile sites, reporting observations of sister chromatid exchanges, translocations, deletions, viral integrations, and intrachromosomal gene amplifications, at or near fragile sites in cancer (7) (8) (9) (10) . The reasons why common fragile regions are fragile, that is, so highly susceptible to breaks, is the subject of active investigation.
FRA3B at chromosomal band 3p14.2 is the most sensitive common fragile site in the human genome, and chromosomal abnormalities in this region are observed in a wide variety of human malignant diseases (reviewed in refs. 11 and 12) . Breaks at common fragile sites are now known to occur spontaneously in ATR-deficient cells, and it has been proposed that they represent single-strand breaks that escape detection by the ATR-controlled S-phase͞G 2 checkpoint pathway (13) . FRA3B exhibits hallmarks of fragile-site recombinogenicity, such as the translocation, t(3;8)(p14.2;q24), breakpoint at 3p14.2 in familial clear-cell renal carcinoma (14) , plasmid integration sites (15) , and a papilloma virus integration site (16) . The fragile histidine triad (FHIT) gene was found to span FRA3B (17) . The FHIT locus spans Ͼ1.5 megabase pairs (Mbp) of human genome, including FRA3B, but the mRNA is only 1.1 kb in size and consists of 10 small exons; exons 5-9 encode the Fhit protein (17, 18) . FHIT is frequently deleted in numerous cancers and cancer cell lines, such as lung, digestive tract, kidney, breast, liver, and pancreatic cancers; and Fhit protein is absent or reduced in most cancers (reviewed in refs. 11, 12, and 19) . The mouse Fhit ortholog also encompasses a common fragile site, Fra14A2, on murine chromosome 14 (20) and sustains homozygous deletions in murine cancer cell lines (21) . Exogenous FHIT can suppress tumor growth (22) , and exogenous Fhit protein expression induces apoptosis, directly or indirectly, in cancer cells (23, 24) . Furthermore, Fhit knockout mice are more susceptible to tumor formation (25, 26) , and delivery of FHIT in viral vectors prevents and reverses cancer development (27) (28) (29) . Thus, Fhit functions as a tumor suppressor, consistently with the idea that fragile sites may harbor genes that, when altered, contribute to cancer development.
The human receptor protein tyrosine phosphatase ␥ (PTPRG) gene is located about 1.5 Mbp centromeric to FHIT on chromosome 3; and the mouse ortholog Ptprg is located 1.7 Mbp centromeric to Fhit on chromosome 14. We have reported the sequence and features of FRA3B; most cancer-associated rearrangements thus far defined occur within introns 3, 4, and 5 of the FHIT gene, and the orthologous fragile sites, human FRA3B and mouse Fra14A2, are highly conserved (30) (31) (32) . The region from exon 3 through exon 6 has been considered the epicenter of fragility for FRA3B, and, thus, this region is referred to as FRA3B and Fra14A2. In a continuation of our analysis of the role of the DNA sequences at fragile regions in their susceptibility to rearrangement, we compared the complete genomic sequences of two genes in a human and murine orthologous chromosome region, FHIT vs. Fhit, containing fragile sites, and PTPRG vs. Ptprg, flanking the ''epicenter'' of fragility. Abbreviations: HCR, highly conserved region; MAR, matrix-association region; HFR, highflexibility region; LTR, long terminal repeat; SINE, short interspersed nuclear element; LINE, long interspersed nuclear element; BAC, bacterial artificial chromosome; WPI, weight percent identity; Mbp, megabase pairs.
Materials and Methods
Data deposition: The sequences reported in this paper have been deposited in the GenBank database (accession nos. AY363102 and AY363103).
the BAC end database in the Institute for Genomic Research (Rockville, MD; www.tigr.org͞tdb͞bacends͞mouse͞bacend intro.html). BAC DNAs were prepared by Big BAC DNA Kit (Princeton Separations, Adelphia, NJ) according to the manufacturer's protocol. Shotgun libraries of BACs were constructed, sequenced, and assembled as described (30) .
Results
Sequences of Mouse Fhit and Human FHIT Regions. Shotgun sequencing was performed for the entire genomic sequence of mouse Fhit, including 5Ј to 3Ј UTRs. Eight BAC clones, 275G17, 334H8, 331I7, 89D3, 387P7, 252M2, 278C20, and 26D3, were sequenced and aligned, along with published region, from 228L5 through 409H24 (32) ; the Fhit genomic locus was covered by 13 BACs (Fig. 5 , which is published as supporting information on the PNAS web site). For complete FHIT sequence, from 5Ј-to 3Ј-UTRs, 18 published human DNA contigs were assembled (Fig. 5) . The sequences reported in this article were submitted to the GenBank database (accession nos. AY363102 and AY363103). Total lengths of the sequences were 1,605,735 bp in FHIT and 1,702,543 bp in Fhit (Table 1) . By using database analyses and prediction programs, no other putative genes were found in either sequenced locus. The organizations of both loci are also diagrammed in Fig. 5 . The genomic structure, locations of exons, and sizes of introns are quite similar for the two orthologs; both have large introns 4 and 5, 285 and 522 kbp in human and 308 and 556 kbp in mouse, but the location of mouse exon 3 is different from human. In both genes exons 5-9 encode the protein (17), whereas mouse exon 3 exhibits an additional Met codon (21); we have observed usage only of the exon 5 Met codon as start site.
Comparison of FHIT and Fhit Sequences. The overall GC content of human and mouse FHIT loci was 38.9% and 40.1%, respectively, over 1.5 Mbp of sequence (Table 1) . Previously, we reported that the GC content in Ϸ600 kbp of FRA3B and Fra14A2 was 38.9% and 35.1%, respectively. The distributions of GC content in the two loci were not biased throughout sequences (Fig. 1) . In Fhit, the percentages of nucleotides A, T, C, and G were 28.5%, 31.4%, 19.7%, and 20.3%, respectively, and in FHIT the percentages were 29.6%, 31.4%, 19.0%, and 20.0%, respectively. Those fractions were similar in any portion of the two loci. FHIT and Fhit contain higher percentages of A and T nucleotides than C and G, as do most common fragile sites thus far studied, such as FRA3B (30) (31) (32) , FRA7H (10), FRA7G (38) , FRA16D (39) , and Fra14A (20, 32) . Thus, the AT-rich sequence is associated with structural instability and might contribute to fragility.
The entire length, Ͼ1.6 Mbp, of FHIT and Fhit gene sequences were compared by using the ADVANCED PIPMAKER program. The linear pattern in the dotplot chart means that homologous regions are conserved in conserved locations ( Fig. 2A) , and 81.8% of FHIT sequence, excluding repetitive elements, was homologous to Fhit sequence in conserved positions (green regions in the bottom row). Exons 3 and 10 in FHIT, both noncoding exons, did not have homologous regions in Fhit sequence, whereas other exons in human sequences had homologous exons in mouse sequences. The strongly aligned regions (at least 100 bp without a gap and with at least 70% nucleotide identity) were considered highly conserved regions (HCRs) and are represented in red in the bottom row. There were 577 HCRs spread over the FHIT sequence. The weight percent identity (WPI) was 69.3%, calculated by ⌺C i F i ͞N, where C i is the length in base pairs of each aligned sequence, F i is the percent identity of that alignment, and N is the sum of C i for all alignments (40) . WPI indicates the percent identity for all aligned sequences. The WPI for FRA3B and Fra14A2, 72.6% (32), is slightly higher than for FHIT, but FHIT and Fhit are also highly conserved across species. To measure the conservation of potential regulatory motifs that might be relevant to splicing, the 500-bp regions in introns adjacent to 5Ј and 3Ј sides of human exons were compared with similar regions at mouse exons. In practice, this comparison was done by choosing the 500 bp flanking the human exons and searching the 1 kbp on either side of each mouse exon to find the conserved flanking segments. For example, the 5Ј flanking region of the human exon 5 was conserved at base pairs 34-226 and 568-871 5Ј of mouse exon 5. Intron regions flanking both sides of the nonconserved exons 3 and 10 and the 3Ј flanking region of exon 9 were not at all conserved. Other regions, such as the 1.5 kbp 5Ј of exon 1, including the promoter region, were well conserved. The average WPI in these conserved regions was 72.1%, slightly higher than the WPI of the entire sequences of FHIT͞Fhit, 69.3%. This difference is quite small, suggesting that more refined methods would be required to identify bona fide regulatory sequences.
Repetitive Elements in FHIT and Fhit Loci. The repeat content of FHIT and Fhit sequences are summarized in Table 1 , and the distribution of elements is diagrammed in Fig. 1 . Every type of element was spread over the entire FHIT and Fhit sequences. FHIT contains more repetitive element sequence (40.8% of total sequence) than Fhit (33.4%), whereas both are rich in LINE1 and poor in SINEs, like FRA3B and Fra14A2 (30 -32) . The percent of interspersed repeat and LINE1 sequence is higher in the first half of the FHIT sequence, containing the fragile epicenter, than in the second half; however, this is not true for Fhit.
Features of FHIT and Fhit Sequences. Complete FHIT and Fhit loci were analyzed for components associated with instability by using computer programs. The FLEXSTAB program calculated the helical-twist angle, a potential local variation (10) . Forty-six high-flexibility regions (HFRs) were spread over the entire FHIT and Fhit sequences (Table 1 and Fig. 3 ). The average GC contents of HFRs in human FHIT and mouse Fhit were 23.0% and 27.2%, respectively, much lower than the total GC contents (38.9% and 40.1%). Thus HFRs are rich in A and T. The MAR-WIZ program predicted 44 and 51 MARs scattered in FHIT and Fhit sequences, respectively (Table 1) . MARs are regions where chromosomes are attached to the nuclear matrix, creating looped domains between attachment regions, and are considered to be related to replication origins. As an example, the MAR potential score around exons 6 and 7 of FHIT is shown in Fig. 6A , which is published as supporting information on the PNAS web site.
HFRs, MARs, and Positional Difference Between FHIT and Fhit Loci. The PIPMAKER program also provided a percent identity plot (PIP) chart to visualize the small regions in more detail (Fig. 6B) . The PIP demonstrated that exons, except exons 3 and 10, were highly conserved and that regions in introns were also conserved; nevertheless, an Ϸ100-kbp difference occurred in total length of FHIT and Fhit sequences. This difference has been produced in the history of rearrangements, such as deletion and insertion, over evolutionary time. Therefore, to investigate the influence of HFRs and MARs on rearrangements, the positional differences between the conserved regions in FHIT and Fhit loci were calculated (Fig. 4) . Significant changes of position (Ͼ10 kbp) were observed throughout the locus, and HFRs and MARs were located not only around the changed positions but everywhere in the locus. The result suggested that HFRs and MARs may play roles in fragility.
Sequences of Human PTPRG and Mouse Ptprg Regions. For determination of complete sequences of human PTPRG and mouse
Ptprg, including the 5Ј to 3Ј UTRs, eight human and 35 murine published DNA contigs were aligned, respectively. The 15 gaps in Ptprg sequence (maximum length, 590 bp, and total length, 3 kbp) were ignored for analysis. The total length of sequence was 733,390 bp in PTPRG and 696,902 bp in Ptprg ( Table 1) .
Comparison of PTPRG and Ptprg Sequences. The GC contents of human and mouse Ptprg loci were 40.8% and 43.4%, respectively ( Table 1 ). The percentages of G and C nucleotides were slightly higher than in FHIT and Fhit. The percentages of nucleotides A, T, C, and G were 31.3%, 28.0%, 20.8%, and 19.9% in PTPRG and 26.4%, 30.2%, 21.2%, and 22.3% in Ptprg. The percentages were similar throughout the loci. In a comparison of sequences, 81.2% of PTPRG sequence, excluding repetitive elements, was homologous to Ptprg sequence at conserved positions (green regions) and the WPI was 69.7%. These percentages were almost the same as in FHIT and Fhit. Therefore, the sequences of both genes were well conserved (Fig. 2B) . The human PTPRG gene contains more repetitive elements than mouse, similarly to FHIT, and the fractions were respectively lower, 31.5% in PTPRG and 20.2% in Ptprg. Unlike the FHIT͞Fhit loci, sequences of human PTPRG and mouse Ptprg are rich in SINEs and poor in LINE1s (Table 1) . Regarding features proposed to contribute to rearrangements, human PTPRG contains 24 MARs and 4 HFRs, and mouse Ptprg contains 34 MARs and 8 HFRs ( Table 1) .
Comparison of FHIT and PTPRG Loci. FHIT loci in human and mouse contain higher percentages of the nucleosides adenosine and thymidine, and repetitive elements, especially LINE1, than PTPRG loci, and lower proportions of SINEs. MARs are spread in similar numbers in FHIT and PTPRG loci. However, the frequency of HFRs in human and mouse Fhit are 2.86 and 2.70 per 100 kbp, respectively; these fractions are far higher than the 0.55 and 1.15 observed in PTPRG and Ptprg. Both genes, FHIT͞Fhit and PTPRG͞Ptprg were conserved well across the two species. Because FHIT͞Fhit exhibits more HCRs (red regions in Fig. 2) , it is more highly conserved than PTPRG͞Ptprg.
Discussion
We have compared complete sequences of two human and mouse orthologous genes, FHIT and PTPRG, and the results illustrate features that differentiate the fragile FHIT gene from the flanking PTPRG gene: (i) both large genes are well conserved and both consist of 20-40% repetitive sequences, but the fragile genes exhibit Ϸ19% LINE sequences compared with 8% and 5% for human and mouse PTPRG, respectively; (ii) the PTPRG͞Ptprg genes exhibit three to five MARs per 100 kbp compared with Ϸ3 for the FHIT͞Fhit genes, whereas the FHIT͞Fhit genes have 5-and 2.35-fold more HFRs per 100 kbp than the human and mouse PTPRG genes, respectively. Thus, the outstanding features of the fragile genes are a high frequency of LINEs, LTRs, and HFRs. Recently, it was reported that the FRA3B region extends 4 Mbp, spreading Ϸ2.5 Mbp centromeric to FHIT (41) . This extended region also contains the PTPRG locus. Because a clear difference exists in frequency of AT-rich HFRs in the sequence of the FHIT͞Fhit loci compared with PTPRG͞Ptprg loci, we favor the interpretation that FHIT͞Fhit loci encompass most of the FRA3B and that PTPRG͞Ptprg loci are not fragile, although it is possible that absence of one PTPRG locus, through frequent loss-ofheterozygosity events (42, 43) , contributes to tumor development.
Several studies reported the GC content of common fragile sites (10, 30, 31, 38, 39) , and common fragile sites have been considered AT-rich regions. Referring to the standard genomic sequences, GC content is 40-45% on average in the human and mouse genome (44, 45) . LINE elements are abundant retrotransposons that constitute Ϸ17% of the draft human sequence, and another Ϸ15% is made up of Alu elements (44) . Therefore, AT content in fragile sites and the proportion of LINE sequences in FRA3B are slightly higher than average. We reported that many cancer cell deletion end points were located near or in LINE1 elements and proposed that homologous LINE1s participate in repair of fragile breaks (30, 31) . Khodarev et al. (46) suggested that LINE1 retrotransposable elements might be involved in the formation of loop structures, providing the framework for periodic DNA interactions with MARs. And two studies reported the association between LINE1 elements and genome instability, with LINE1 retrotransposition associated with large genomic deletions and inversions (47, 48) . The percentage of total LINE1 length in human and mouse Fhit was over twice as high as in human and mouse Ptprg, although similar GC percents were observed in the FHIT͞Fhit and PTPRG͞Ptprg genes ( Table 1 ). The average length of individual LINE1 elements in FHIT and Fhit was Ϸ1 kbp, as opposed to Ϸ0.5 kbp in PTPRG and Ptprg; 64 of 241 and 69 of 309 LINE1s were long elements (Ͼ1 kbp) in FHIT and Fhit, respectively. The results suggest that FHIT͞Fhit contains more fragments of younger LINE1 elements than PTPRG͞Ptprg and that FHIT͞Fhit have been influenced by LINE1 quite recently. In addition, the frequency of HFRs in FHIT and PTPRG were 2.86 and 0.55 per 100 kbp (Table 1) , respectively, indicating that FHIT includes many more unstable regions within its sequence. Thus, the FHIT gene contains many features that are sensitive to genomic aberrations, and the sequence itself indicates the history of rearrangements, through LINE1 insertions, for example. The PIPMAKER program found 577 HCRs between human and mouse Fhit loci. The average GC content of HCRs in human FHIT was 37.9%, a little lower than the total GC content in FHIT (38.9%). We searched for HCR homologous sequences in GenBank, but homologs were not found in other common fragile sites, FRA7H, FRA7G, and FRA16D, indicating that common fragile sites may not have consensus sequences other than high AT content and the attendant HFRs.
Our study revealed the apparently contradictory character of the FHIT genes straddling fragile regions, evolutionary conservation accompanied by susceptibility to recombination events. Since large amounts of sequence data have become available, many common fragile-region sequences have been combed for clues to the cause of fragility. Thus far, two common themes have emerged, that common fragile regions (i) are late-replicating or can become late-or later-replicating in the presence of the DNA polymerase ␣ inhibitor, aphidicolin, the fragile-site inducer and (ii) exhibit a high density of AT-rich islands of high flexibility relative to nonfragile regions. The distribution of HFRs throughout the mouse and human FHIT genes, relative to the paucity of HFRs in the PTPRG͞Ptprg loci, was the chief distinction between the fragile and nonfragile loci, we hypothesize that HFRs are the distinguishing sequence feature associated with fragility. Recently, Casper et al. (13) discovered that fragility at common fragile regions occurs spontaneously at a very high rate in cells deficient in the replication checkpoint kinase, Atr. Thus, stalling of DNA replication forks, not sensed by the Atr complex, could lead to persistence of single-stranded regions through G 2 and mitosis, appearing as the characteristic fragile gaps in mitotic chromosomes. If fragility is based mainly on specific sequences, then the specific hallmark sequences of fragile regions, the HFRs, might be related to the late͞delayed replication phenomenon and the occurrence of single-strandedness that escapes detection by the ATR DNA-damage checkpoint. A mechanistic relation between multiple HFRs and the response to aphidicolin inhibition could be investigated.
For evolutionary conservation of a genomic region, presumably the region must be conserved through the germ line, suggesting that fragile gaps͞breaks must occur infrequently in germ-line meiotic divisions. Does the relative stability of the orthologous fragile sites over evolutionary time vs. the demonstrable mitotic fragility suggest that DNA-damage checkpoints during meiosis use a stricter Atr pathway so that the germ line is better protected from DNA alterations? Maybe, yet it is clear that the fragile regions must be susceptible to integrations of new LINE and LTR sequences in the germ line. The paradox of evolutionary conservation of these orthologous fragile regions despite their recombinogenicity also suggests that fragile regions provide some useful function at the species level.
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